Perineural growth is a unique route of tumor metastasis that is associated with poor prognosis in several solid malignancies. It is diagnosed by the presence of tumor cells inside the neural space seen on histological or imaging evaluations. Little is known about molecular mechanisms involved in the growth and spread of tumor cells in neural spaces. The poor prognosis associated with perineural growth and lack of targeted approaches necessitates the study of molecular factors involved in communication between tumor and neural cells. Perineural growth rates, shown to be as high as 63% in head and neck squamous cell carcinoma (HNSCC), correlate with increased local recurrence and decreased disease-free survival. Here we describe the literature on perineural growth in HNSCC. In addition, we discuss factors implicated in perineural growth of cancer. These factors include brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotropin-3 and -4, glial cell-line derived neurotrophic factor (GDNF), the neural cell adhesion molecule (NCAM), substance P (SP), and chemokines. We also explore the literature on membrane receptors, including the Trk family and the low-affinity nerve growth factor receptor. This review highlights areas for further study of the mechanisms of perineural invasion which may facilitate the identification of therapeutic targets in HNSCC.
Introduction
Head and neck cancer accounts for approximately 650,000, or nearly 6%, of new cancer cases worldwide each year, as well as nearly 350,000 deaths. Head and neck cancer is a diverse group of malignancies arising in the oral cavity, oropharynx, larynx and hypopharynx. A variety of benign and malignant neoplasms present in the head and neck including those arising from salivary glands, skin, nerves, blood vessels, muscles, and mucous membranes. Approximately 95% of head and neck cancer cases are diagnosed as head and neck squamous cell carcinomas (HNSCC). Cutaneous and salivary gland squamous cell carcinoma (SCC) together form the next most frequent type of head and neck cancer [1] HNSCC differs in etiology and biology from cutaneous and salivary gland SCC. Alcohol and tobacco use is highly correlated with HNSCC, and human papillomavirus (HPV) has been implicated in oropharyngeal carcinoma progression. [2] [3] [4] The five-year survival rates for HNSCC patients continue to be below 50%. Locoregional failure accounts for the vast majority of deaths from HNSCC. The majority of patients with regional recurrence or metastases qualify for palliative care. One of the factors implicated in local recurrence of HNSCC is the presence of perineural tumor growth.
Perineural tumor growth is a route for cancer extension described in many cancers including pancreatic, prostate, colorectal and head and neck. [5] [6] [7] [8] [9] [10] [11] [12] Perineural growth is correlated with a decreased rate of disease-free survival, decreased quality of life due to symptoms caused by nerve bundle disruption, and an increase in nociception and locoregional recurrence. [13] [14] [15] Tumor growth within the nerve is not simply a path of least resistance. [16] Cancers have a tendency to spread centripetally (i.e. toward the central nervous system) along the nerve, and they also are known to form skip lesions in which the malignant cells do not undergo continuous growth but rather "jump" a section of the nerve and begin spreading farther away. [16] [17] [18] [19] [20] The mechanisms of perineural growth are not completely understood.
There are two classifications of perineural growth of cancer: perineural invasion (PNI) and perineural spread (PNS).PNI is the movement of cancer cells into the neural space, usually associated with smaller (unnamed) nerves. Its presence is generally established by histological evaluation of tissue sections and impossible to detect via full-body imaging ( Figure 1 ). [19] PNS is the more gross extension of the tumor along a nerve, with no consensus as to whether or not this must involve a large or named nerve. [18, 19, 21] In general, magnetic resonance imaging (MRI) is used to detect PNS of HNSCC (Figure 2 ). Both PNI and PNS have been described further based on their involvement and pattern of growth within the neural space. Such patterns of growth include onion bulb formation, circular cell formation, crescent formation, and intraneural invasion. These have been reviewed previously in detail. [14, 22] We will refer broadly to both classifications as perineural growth in this paper.
Rates of Perineural Growth
The rates of perineural growth in HNSCC are reported with a fair amount of variability. The incidence rates range from 14% to 63.2% (See Table 1 ). Sample sizes for these studies are also varied. However, as sample size increased across the studies, the rate of perineural growth did not tend to normalize around a common rate. Salivary gland SCCs, and in particular adenocystic carcinoma (ACC), are reported to have approximately 50% incidence rates of perineural growth. [23] The reason for discrepancies in the incidence of perineural growth in HNSCC is not apparent. The uncertainty about what constitutes "true" perineural growth may be a factor. [16] While PNI and PNS definitions can be standardized, as noted above, histological definitions may not have been the same across the studies. In certain studies, perineural growth may not have been diagnosed if the nerve involved was unnamed or smaller than 1mm in diameter. [22] Some studies did define criteria for perineural growth [14, 15] , while others gave no working definition of perineural involvement (see Table 1 ). [24] [25] [26] Different histological criteria, as well as differences in sample preparation and amount of resected lesion examined, may have played a role in the variation in reported rates of perineural growth in HNSCC. [27] 
Detection of Perineural Growth
Perineural growth may first be discovered on pathologic examination of the resected lesion, though this is dependent on the extent and resultant microscopic visibility of the perineural growth. [28] MRI can be used accurately to find the presence of PNS in 95% of cases, though mapping the entirety of the PNS can only be done accurately in 63% of cases. [19] Conversely, there are no effective non-invasive methods to detect PNI, which is rarely evident on MRI studies. [19] Given the poor prognostic implications of perineural growth, it is important to be certain of the aggressiveness of treatment needed. One study suggests that even microscopic PNI warrants further exploration of nerve involvement in order to determine boundaries for post-operative radiation therapy in salivary gland ACC; this is likely a good consideration for HNSCC, too. [23] Though imaging may not be detailed enough to detect the entire extent of PNI, it can detect PNI and therefore still may be useful in preoperative planning. [29] As the accuracy of mapping tumor extent via imaging increases, treatments may be better assigned to patients, increasing positive outcomes. [23] Importantly, even patients with advanced disease (PNS, for example) might be cured with aggressive treatment, and it may be important to treat any kind of perineural growth in an aggressive manner. [30] Another issue in detecting perineural growth is that patients with such growth may initially be asymptomatic. Only 30% to 40% of patients with perineural growth may present with symptoms. [28] However, these numbers may be misleading, as case studies suggest that clinical symptoms, including dysesthesia (distorted sense of touch) and numbness, are subtle and often missed by the physician. [30, 31] These subtle symptoms may be present more often than noted, and their presence can even be an early indicator of recurrence. [13] . While symptoms of perineural growth can sometimes be subtle, they can also cause a more dramatic decrease in the quality of life of the patient, eventually causing symptoms indicative of more advanced disease such as paralysis. [13, 18, 23, [30] [31] [32] [33] 
Prognostic Implications of Perineural Growth
Regardless of incidence rate differences, perineural growth in HNSCC is correlated with increased loco-regional recurrence and decreased disease-free survival. [14, 15, 24, 26] A variety of studies have found that patients with perineural growth have a local recurrence rate from 23-36% compared to 9-5% of patients without perineural growth. [14, 15, 24] In these studies, disease-specific survival rates dramatically decreased for those patients with perineural growth. [14, 15] Similarly, Sinha et al. found that the presence of PNI was a significant indicator for both disease-specific and recurrence-free survival. [26] While studies have found different rates of recurrence and survival in patients with perineural growth, the presence of such growth is agreed to be a poor prognostic indicator in HNSCC.
Nerves of the Head and Neck Involved in Perineural Growth
Perineural growth in HNSCC is often found in the fifth and seventh cranial nerves (the trigeminal nerve and facial nerve, respectively) and their branches. [18-20, 30, 32, 34] These two nerves innervate much of the face: the trigeminal nerve supplies most of the sensory innervation to the face while the facial nerve provides motor innervation. The trigeminal and facial nerves meet in at least 3 different locations: at the sphenopalatine ganglion, at the junction of the chorda tympani and the lingual nerve, and at the parotid gland along the auriculotemporal branch of the mandibular nerve. [33, [35] [36] [37] [38] These meeting points may provide routes for the cancer to spread from one nerve to the other. There does not seem to be an affinity for invasion of particular nerves in HNSCC. These noted nerves may play a large role in perineural growth in HNSCC due to their widespread innervation of the head and neck. [13] 
Mechanisms of Perineural Growth
To date, relatively little work has been done to understand the mechanisms of perineural growth, especially in HNSCC. The poor prognostic implications coupled with the tendency for the cancer to spread centripetally and often with skip lesions indicate there are likely interactions between the cancer cells and the nerve microenvironment that lead to a more aggressive type of cancer. Indeed, cancer cells in a nerve environment not only display an increase in proliferation but also a decrease in apoptosis by upregulating genes associated with a nuclear factor κB (NF-κB) pathway and its downstream targets. [6] Tumor cells have also been shown to secrete molecules which can increase neurite outgrowth from the nerve toward the tumor. [39] [40] [41] [42] [43] Tumor cells in a nerve environment, therefore, exhibit markedly different proliferative and survival behavior and can also interact with the nerve.
A variety of molecules may be found in the nerve microenvironment, and it is likely that one or more of these factors play a role in the poor prognosis of patients with perineural growth.
[44] These factors, secreted either by the nerves or the cancer cells, include brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), glial cell-line derived neurotrophic factor (GDNF) and family, the neural cell adhesion molecule (NCAM), substance P (SP), chemokines, and other factors ( Figure 3) . [12, [39] [40] [41] [42] [43] 45] These interactions and the cancers in which these factors have been studied are noted in Table 2 . Such factors bind to a variety of different receptors with different affinities, many of them binding to the tyrosine kinase (Trk) family of receptors. Neurotrophins generally promote the development of both the central and peripheral nervous systems and are important for axonal outgrowth. [46, 47] They can also activate complex signaling cascades within cells. [48] Little is known about how such molecules might mediate perineural growth in HNSCC. Still, these mediators have been examined in other cancers, and it is likely that examining the molecules involved in perineural growth in other cancers will be helpful in further guiding HNSCC-specific research. It is worth noting that although many of these studies used artificial models, this does not discount that work nor make it irrelevant to HNSCC. Instead, these models and lessons can be applied to research on perineural growth in HNSCC. Here we outline some of the factors that merit further study pertaining to their role in perineural growth of HNSCC.
Brain-Derived Neurotrophic Factor
The role of brain-derived neurotrophic factor (BDNF) in perineural progression has been examined in ACC, pancreatic and gastric cancers. [49] [50] [51] In salivary gland ACC, all tissue samples tested in one study stained positive for BDNF at different levels of intensity, although there was no correlation with perineural growth. [49] However, a previous study did find that culturing select lines of pancreatic adenocarcinoma with low concentrations of BDNF significantly increased invasiveness of the cancer cells through Matrigel matrix. [50] Most recently, in gastric cancer, Okugawa et al reported that BDNF was elevated at the invasive front of tumors and was correlated with poor prognostic factors. [51] In mice models, too, tumor size was significantly lower in those mice injected with a BDNF/TrkB positive cancer line and treated with a Trk antagonist compared to those that were not treated with the antagonist. [51] Given these recent results, and given that both salivary gland ACC and pancreatic adenocarcinomas are highly neurotropic, further studies on BDNF are warranted in HNSCC as well.
Specifically in HNSCC, TrkB, the high-affinity receptor for both BDNF and NT-4, was more highly expressed in the cancer than in the surrounding mucosa, and a small-molecule blockade of the TrkB receptor suppressed the growth of these cancer lines in vitro. [52] Although BDNF and NT-4 have not been reported to be directly involved in perineural growth, they can stimulate tumor cell invasion. The TrkB receptor has also been shown to play an important role in HNSCC progression. [53] [54] [55] Further studies on the role of this signaling axis in perineural growth in HNSCC are warranted. Regardless of the role of TrkB, BDNF, and NT-4 in HNSCC neurotropism, the TrkB receptor has shown potential utility for improving chemotherapy regimens. By utilizing a small molecule inhibitor against TrkB, HNSCC cell lines were shown to have increased sensitivity to chemotherapy. [52] This perhaps indicates a promising line of inquiry into the treatment of chemotherapyresistant cancers via the targeting of neurotrophin receptors.
Nerve Growth Factor
Nerve growth factor (NGF) and its high-affinity receptor TrkA have been implicated in perineural growth of several cancers including breast, prostate, and pancreas. [42, [56] [57] [58] In one study, immunohistochemistry was performed on 42 T1/T2 oral tongue SCC specimens, half of which expressed histological evidence of PNI, while the other half did not. [59] In specimens positive for PNI, strong staining for NGF and TrkA was detected. The staining was significantly higher for PNI-positive SCCs as compared to those which were PNInegative, though NGF and TrkA were still weakly detected in these. [59] Another study confirmed that NGF is expressed at higher levels in HNSCC. [60] Further, NGF blockade decreased pain receptors and therefore nociception, weight loss, and tumor proliferation in mouse models. [60] Yet another report demonstrated higher levels of TrkA, B, and C in PNI-positive SCC tumors as compared to those that were negative for PNI. Further, the majority of tumors expressed NGF. [61] Thus, NGF and its primary receptor, TrkA, may play an important role in perineural growth and aggression in HNSCC.
Neurotropin-3 and Neurotropin-4
Both NT-3 and NT-4 have received relatively little attention in regards to the role they might play in perineural growth of cancers. NT-4 binds with high affinity to TrkB, and NT-3 binds with high affinity to TrkC. Ketterer et al. found that in pancreatic ductal adenocarcinoma (PDAC) NT-3 and NT-4 were both overexpressed compared to normal pancreas tissue samples, and these neurotrophins and their associated receptors were more highly expressed in nerves in the tumor mass. [62] Prior studies have also shown that the presence of neurotrophins in PDAC cultures increased the invasiveness of the cancer. [50] Furthermore, in neuroblastomas, NT-3 is upregulated and blocks TrkC-induced apoptosis. [63] Given that PNI-positive cutaneous SCCs were found to more highly express the Trk family of receptors compared to PNI-negative samples, NT-3 and NT-4 warrant further investigation in perineural growth of mucosal HNSCC. [61] 
Glial Cell-Line Derived Neurotrophic Factor and Family
Glial cell-line derived neurotrophic factor (GDNF) has been shown in other cancers to play a role in cell proliferation and migration. [64] [65] [66] In pancreatic cancer, GDNF receptor units were shown to be present and, when activated, to increase invasiveness and adhesiveness. [66] In a mouse dorsal root ganglion (DRG) model using human pancreatic cancer cells, invasion of the DRG was shown to be somewhat dependent on the DRG's secretion of GDNF which was modulated via radiation, indicating that cancer cell viability is not the only factor in invasion and metastasis following radiation treatment. [67] Furthermore, in bile duct carcinoma, GDNF is correlated with perineural invasion. [68] GDNF, its receptors, and its mechanisms have been most thoroughly explored in pancreatic cancer, which is highly neurotrophic. GDNF has been found to be highly present in pancreatic cancer as compared to benign pancreatic tumors, and it is found more highly in those patients with PNI as compared to those without. [69] Most recently, presence of GFRα1 was found to increase cancer cell movement toward GDNF, and it also increased RET phosphorylation and MAP kinase activity. [70] These newer studies, coupled with those which have previously reviewed GDNF involvement in pancreatic cancer and RET signaling in cancer more broadly, indicate a complex and elegant system which seems to play a major role in pancreatic cancer progression especially as related to perineural growth. [71, 72] More widely, the GDNF family also includes the ligands neurturin, artemin, and persephin. Neurturin and persephin were expressed at low levels, while GDNF and artemin were strongly expressed in pancreatic cancer. [73] Further work has shown that artemin increases the invasiveness of tumor along pancreatic nerves. [74] GDNF has also recently been shown to induce a higher expression of matrix metalloproteinases, specifically MMP-9 and MMP-13, in human oral SCCs, increasing the invasiveness of the cancer cells. [75] Given that GDNF activates MAP kinase pathways in human gliomas, and given that higher expression of MMP-9 and MMP-13 is correlated with metastasis in HNSCCs, GDNF and its family of ligands may play a particularly important role in increasing tumor aggression in the perineural space. [75] [76] [77] [78] These studies provide excellent rationale for the investigation of the role of GDNF signaling axis in HNSCC.
Neural Cell Adhesion Molecule
The neural cell adhesion molecule (NCAM) has also been explored as a potential factor in head and neck cancer perineural tumor growth. Using immunohistochemical staining, one study reported that six of eight basal cell carcinomas (BCC) and two of eight cutaneous SCCs were positive for NCAM. [61] Furthermore, in salivary gland ACC, PNI-positive tissues expressed significantly higher levels of NCAM as compared to those that were PNInegative. [79] Vural et al., reported that in HNSCC, 93% of tumors with PNS expressed NCAM, while only 36% of those without PNS did. [80] More recently, in cutaneous HNSCC, Solares et al. found that NCAM did not predict neurotropism. [81] Importantly, the sample size in the Vural et al. study was nearly five times that of the Solares et al. study, and it was not restricted to the use of cutaneous HNSCC samples. This may help to account for the different findings in the two studies.
Despite the greater comparative rigor of the Vural et al. study above, other studies concluded that NCAM likely does not play any role in perineural growth. [61, 82] They base this in part on prior studies which showed that the presence of NCAM actually decreased tumors' aggressiveness and invasiveness. [61] Further, BCCs tend to express NCAM and tend not to metastasize easily while cutaneous SCCs express low levels of NCAM but tend to be metastatic. There have been similar findings of the effects of NCAM in a rat glioma and in a human breast cancer line. [82, 83] NCAM may play little to no role in head and neck cancers, perhaps even decreasing a tumor's aggressiveness and increasing the rate of cell loss. [82] NCAM may only begin to play a role in perineural growth in more advanced growth, when tumors begin to exhibit PNS, or only at particular organ sites. [80] Thus NCAM's role in perineural growth remains unclear, and despite findings in other cancers, NCAM should still be explored more thoroughly in HNSCC.
Substance P
Recently, Substance P (SP), a member of the tachykinin family of peptides, has been implicated in perineural growth in pancreatic cancer. [45] Li et al. found that neurite outgrowth from mouse DRG exhibited higher levels of SP, and the pancreatic cancer lines tested also exhibited higher levels of the receptor for SP, neurokinin 1 receptor (NK-1R). When cocultured, the pancreatic cancer cells were more proliferative and invasive, and SP induced expression of MMP-2. NK-1R antagonists blocked all of these effects. [45] SP may play an important role in perineural metastasis in HNSCC, too, though this has not yet been studied. Even so, SP and NK-1R have been shown to be highly expressed in oral SCC, supporting the idea that SP and NK-1R may play a proliferative role in oral SCC in general and in perineural growth. [84] Nerve Growth Factor Receptor
The low-affinity nerve growth receptor (NGFR), also known as p75 NTR , may play an important role in perineural growth of HNSCC given that it can bind with low affinity to a wide variety of ligands. In desmoplastic melanomas, a cancer that is highly neurotropic, NGFR is highly expressed. [85] All spindle cell melanomas in one study stained expressed NGFR in at least 10% of cells, while most expressed it in more than 50% of cells. Melanomas which did not express the neurotropic phenotype all had between 0% and 10% of cells which expressed NGFR. [85] Similarly, NGFR has been found to potentially have a mechanistic role in PNI in malignant melanomas, though NGFR was not found in tested SCCs, whether perineural growth was present or not. [86] Another study found stronger staining for NGFR in four of five PNI-positive cutaneous SCCs perineurally as compared to the rest of the tumor. [61] In pancreatic cancer, too, clarity on the role of NGFR has not been reached, with different studies reporting positive or negative correlations with PNI. [12] Still, NGFR has complex signaling cascades which can activate both survival and death pathways. [87] [88] [89] Different cancers may utilize the receptor in different ways leading to the different phenotypes noted above. Furthermore, NGFR can act as a Trk co-receptor, increasing the affinity for the receptors' associated ligands. [48] As a result of NGFR being co-expressed with different receptors, different pathways may be activated when binding neurotrophins. [88, [90] [91] [92] As described above with other factors, the evidence for mechanisms of NGRF relating to perineural growth in HNSCC remain unclear, and further research into NGFR and its potential role is necessary.
Chemokines
Chemokines are small molecules that, along with their receptors, help to control cell migration. A variety of these chemokine/receptor pairs have been implicated in tumor cell migration. [93] The receptor CXCR4 and its ligand CXCL12 may increase malignancies' invasiveness, and blockade of CXCR4 may inhibit this invasiveness. [94] [95] [96] Katayama et al. found that CXCR4 was significantly correlated with distant metastases in HNSCC patients, and that inhibiting the receptor decreased the cancer cells' migration and proliferation. [97] Given the proven relevance of this chemokine/receptor pair to HNSCC, other chemokine/ receptor pairs warrant further investigation, too. [98] Indeed, the CX3CR1 receptor has importance in neural cancer adhesive properties, and it has also been found to be elevated in cancers including breast and prostate. [99] In pancreatic cancer, the CX3CR1 receptor is involved in PNI. [99, 100] This receptor has been found in some HNSCC cancer lines, and it may therefore be a promising line of inquiry. [101] Furthermore, HNSCC has been found to express many other chemokines and receptors, particularly the ligand CXCL8 and the receptors CXCR1 and CXCR2 which have been implicated in progression in colon cancer. [101] Even other molecules including SEMA3A, PLXNA1, and NRP1 have been found to be elevated in PDAC, though their role in perineural growth remains unclear. [12, 102] Thus, while there is solid groundwork on which to explore chemokines' roles in perineural growth of HNSCC, much work remains.
Other Factors
There may also be other factors and receptors which contribute to perineural growth in HNSCC. MMPs other than those mentioned above, for example, may contribute to perineural growth in other cancers and should similarly be explored in HNSCC. [12] Myelin-associated glycoprotein (MAG) and mucin 1 (MUC1) increase metastatic behavior in pancreatic cancer, and binding interactions between the two proteins have been shown to play a significant role in PNI of PDAC. [103, 104] L1 cell adhesion molecule (L1-CAM) is associated with PNI and a poorer prognosis in PDAC, and L1-CAM may also, therefore, warrant exploration in HNSCC. [105] Though other above-mentioned factors and receptors might have greater initial research behind them, these other factors should also be considered when looking at perineural growth in HNSCC, especially given the likely complexity of the interactions involved in such growth.
Conclusion
Perineural growth in HNSCC is indicative of a poorer outcome in patients. It may be that perineural growth itself is simply difficult to treat, that perineural growth is indicative of a more aggressive cancer, or both. This particular type of metastasis is unique and not a path of least resistance. There is evidence that cancer cells can both influence and be influenced by the nerve and its environment through secreted factors. Here, we reviewed several factors that have been explored in perineural cancer growth. More specifically, we looked at if and how these factors have been examined in relation to perineural growth in HNSCC. While many of these factors have not yet been examined with respect to HNSCC, the results, methods, and models discussed above serve as valuable groundwork for further study of these factors in perineural growth in HNSCC.
Much work remains to be done to elucidate the mechanisms of perineural growth in HNSCC. While the evidence remains inconclusive for the factors explored in this paper, the Trk family of receptors and their associated ligands as well as the low-affinity NGFR, are potentially the most promising lines of research. 
